Wnt/β-catenin signal transduction directs metazoan development and is deregulated in numerous human congenital disorders and cancers. In the absence of Wnt stimulation, a multi-protein "destruction complex", assembled by the scaffold protein Axin, targets the key transcriptional activator β-catenin for proteolysis. Axin is maintained at very low levels that limit destruction complex activity, a property that is currently being exploited in the development of novel therapeutics for Wnt-driven cancers. Here, we use an in vivo approach in Drosophila to determine how tightly basal Axin levels must be controlled for Wnt/Wingless pathway activation, and how Axin stability is regulated. We find that for nearly all Wingless-driven developmental processes, a three-to four-fold increase in Axin was insufficient to inhibit signaling, setting a lower-limit for the threshold level of Axin in the majority of in vivo contexts. Further, we find that both the tumor suppressor Adenomatous polyposis coli (APC) and the ADP-ribose polymerase Tankyrase (Tnks) have evolutionarily conserved roles in maintaining basal Axin levels below this in vivo threshold, and we define separable domains in Axin that are important for APC-or Tnks-dependent destabilization.
INTRODUCTION
The Wnt/Wingless signal transduction pathway directs fundamental processes in metazoans, whereas Wnt pathway deregulation underlies numerous human congenital disorders and cancers (Clevers and Nusse, 2012; MacDonald et al., 2009 ). The development of more than 80% of colorectal cancers is triggered by inactivation of the tumor suppressor Adenomatous polyposis coli (APC), which results in the aberrant activation of Wnt signaling. APC is part of a "destruction complex" that includes the scaffold protein Axin, and two kinases: glycogen synthase kinase 3 and casein kinase 1α. Under basal conditions, the destruction complex targets the key transcriptional activator β-catenin for proteasomal degradation. Following Wnt stimulation, destruction complex activity is inhibited, resulting in increased concentrations of cytoplasmic and nuclear β-catenin and the transcriptional regulation of Wnt target genes (Clevers and Nusse, 2012; MacDonald et al., 2009 ).
Biochemical studies in Xenopus egg extracts revealed that the concentration of Axin is several magnitudes lower than that of other destruction complex components (Lee et al., 2003; Salic et al., 2000) . Because Axin is an essential scaffold for destruction complex assembly, its limiting concentration was proposed to dictate the amount of β-catenin that is targeted for degradation. Supporting this model, Axin overexpression inhibits Wnt/Wingless signaling (Hamada et al., 1999; Willert et al., 1999; Zeng et al., 1997) , whereas Axin inactivation results in the constitutive activation of the Wnt pathway in vivo (Hamada et al., 1999; Willert et al., 1999) .
The mechanisms controlling Axin stability are not fully understood, but previous studies have implicated roles for APC (Takacs et al., 2008) , Protein Phosphatase 1 (Luo et al., 2007) and the Wnt co-receptor LRP6 (Cselenyi et al., 2008; Tolwinski et al., 2003) in regulating Axin proteolysis. More recently, the ADP-ribose polymerase Tankyrase (Tnks) was found to target Axin for proteasomal degradation (Huang et al., 2009) . Small molecule inhibitors of Tnks disrupt Wnt signaling in cultured colon carcinoma cells by stabilizing Axin (Chen et al., 2009; Huang et al., 2009 ) and impede the growth of Wnt pathway-dependent intestinal adenomas in mice (Lau et al., 2013; Waaler et al., 2012) . These findings have suggested a promising new therapeutic strategy based on agents that increase Axin concentration to target Wnt-driven cancers.
Here, we investigate how tightly Axin levels must be controlled to permit the activation of signaling following Wingless stimulation, and we examine the factors that regulate Axin stability. We find that for nearly all Wingless-driven developmental processes, a three-to four-fold increase in Axin was insufficient to inhibit signaling, setting a lower-limit for the threshold level of Axin in the majority of in vivo contexts. Further, inactivation of Tnks increases Axin levels by two-fold, which remains below the threshold at which signaling is inhibited in nearly all in vivo contexts. We find, however, that increases in Axin transcription that do not disrupt Wingless signaling in wild-type flies are sufficient to inhibit Winglessdependent developmental processes in Tnks mutants. These results highlight the critical function of Tnks in buffering Axin activity. Moreover, we demonstrate that like Tnks, APC also has an evolutionarily conserved role in promoting Axin destabilization, and that separable proteolysis pathways requiring APC or Tnks function through distinct Axin domains to promote Axin degradation. Together, these findings define the in vivo threshold for Axin, and reveal the important roles of APC and Tnks in maintaining Axin below this critical threshold to promote robust Wingless/Wnt pathway activation.
RESULTS

An in vivo threshold for Axin in Wingless signaling
To define the upper threshold for Axin levels that is compatible with Wingless pathway activation in physiological contexts, we sought to increase Axin levels in vivo to different extents. However, the quantification of Axin levels has been challenging, as endogenous Drosophila Axin had not been detectable by immunoblotting in previous studies, which was thought to result from the very low Axin levels (Tolwinski et al., 2003; Willert et al., 1999) .
Thus, detection of endogenous Axin had been dependent on a combination of immunoprecipitation followed by immunoblotting, which made accurate quantification difficult (Peterson-Nedry et al., 2008; Tolwinski et al., 2003; Willert et al., 1999) . Recently, we overcame this obstacle by generating a new polyclonal Axin antibody with greatly improved sensitivity that permitted the detection endogenous Axin . The specificity of this Axin antibody was demonstrated by loss of Axin signal in lysates from cultured embryonic S2R+ cells subjected to RNAi-mediated Axin knockdown (Figure 1, A) .
Having established conditions that permitted detection of endogenous Axin, we examined the effect of increasing Axin levels on Wingless-dependent developmental processes. To increase Axin ubiquitously in vivo, we generated transgenic flies with a BAC clone that contained 110 kilobases surrounding the Axin locus, such that Axin was expressed under the control of its endogenous promoter/enhancers (Gerlach et al., 2014) . A V5 epitope tag was inserted at the carboxy-terminus of the Axin coding sequence (Venken et al., 2009) .
BAC Axin-V5 was integrated at a single genomic site on either the second or the third chromosome using site-specific recombination (Markstein et al., 2008) . Whereas Axin inactivation is known to result in fully penetrant embryonic lethality resulting from the aberrant activation of the Wingless pathway (Hamada et al., 1999) , expression of BAC Axin-V5 rescued Axin null mutants to viability. The rescued adults appeared morphologically wild-type, indicating complete recovery of the many Wingless-dependent developmental processes required for normal development, and importantly, no Wingless loss-of-function phenotypes were observed. These findings indicated that the BAC Axin-V5 protein was fully functional and also expressed at levels subject to physiological regulation.
We next examined how increases in Axin to different levels affected Wingless-dependent processes in vivo. In otherwise wild-type flies that were homozygous for the BAC Axin-V5 transgene on the second or the third chromosome, the Axin protein levels were increased by approximately two-fold, as revealed by immunoblotting of larval extracts ( Figure 1 , B and C). Further, in flies homozygous for the BAC Axin-V5 transgene on both the second and the third chromosomes, the Axin protein levels were increased by three-to four-fold ( Figure   1 , B and C). Despite the increased Axin levels, no defects in Wingless-dependent epidermal cell fate specification were observed in embryos, as revealed by the expression of Wingless, the Wingless pathway target gene engrailed (Bejsovec and Martinez Arias, 1991) (Figure 1 , D-I), and by the embryonic hatch rate (Figure 1, J) . Further, nearly all external structures in adults were morphologically indistinguishable from wild-type, indicating that Wingless-dependent developmental processes had not been disrupted. The only process for which we observed a defect was in the patterning of the adult ventral abdomen. During pupation, Wingless signaling specifies the fate of cells that generate sternites, the bristle-bearing cuticular plates in the ventral abdomen, as well as specifying the cells that generate sensory bristles emanating from the sternites (Baker, 1988) . 2% of the flies carrying BAC Axin-V5 on the second or third chromosome, and 23% of the flies carrying BAC Axin-V5 on both the second and third chromosome displayed loss of one or more sternal bristles, which is indicative of Wingless pathway inhibition (Figure 1 , K-M).
Together, these findings revealed that increases of three-to four-fold above the endogenous Axin level reach the threshold at which signaling is disrupted in one developmental context; however, the Axin threshold is higher than this for most Winglessdependent processes during development, consistent with previous work (Peterson-Nedry et al., 2008) .
Tankyrase promotes Wingless signaling by buffering Axin activity
Axin stability is regulated in part by an ADP-ribose polymerase, Tankyrase (Tnks), which targets Axin for proteasomal degradation (Huang et al., 2009) . We sought to determine the extent to which the control of basal Axin levels is dependent on Tnks in vivo. We isolated two Tnks null alleles and confirmed that Axin protein levels were increased in lysates from Tnks mutants by immunoblotting with our Axin antibody (Figure 2, A). Quantification of immunoblots revealed a two-to three-fold increase in Axin levels in Tnks mutants, which is below the physiological threshold at which Axin levels inhibit Wingless pathway activation. This conclusion may explain the observations from recent work, which revealed that Tnks inactivation had no effect on Wingless-dependent developmental processes unless Axin was concomitantly overexpressed at levels high enough to inhibit Wingless signaling (Feng et al., 2014) . In that background, Tnks loss further exacerbated the phenotypes that resulted from Axin overexpression.
However, we reasoned that overexpression of Axin in this prior study, at levels that were high enough to abrogate Wingless signaling, would likely have masked its physiological regulation; thus we sought to examine the in vivo role of Tnks in regulating Axin at levels that remained within physiological range. We examined Axin regulation in the larval wing imaginal disc, where Wingless signaling is critical for growth and patterning, and where inhibition of the Wingless pathway results in well-characterized defects in cell fate specification (Couso et al., 1994) . We used the UAS/Gal4 system (Brand and Perrimon, 1993) , which facilitated the conditional expression of Axin tagged with a V5 epitope , or mutant forms of Axin with deletions, for structure-function analysis. To express Axin at near-physiological levels in the wing disc, we screened for Gal4 drivers that permitted Axin expression at levels that did not disrupt Wingless-dependent wing development, and identified two drivers that met these criteria: 71B and C765. To compare the relative level of Axin-V5 driven by 71B-Gal4 with that of endogenous Axin, we took advantage of our Axin antibody, which permits sensitive detection of endogenous Axin by immunostaining of imaginal discs ( Figure S1 ). Wing discs expressing the Axin-V5 transgene were stained with both anti-V5 and anti-Axin antibodies. Quantification of the Axin and V5 signals revealed a three-fold increase in Axin levels in wing disc cells expressing Axin-V5, by comparison with neighboring wild-type cells that did not express Axin-V5 (Figure 2, C) . As expected, under these conditions, both the expression of the Wingless target gene senseless at the dorso-ventral boundary of the third instar larval wing imaginal disc, and the morphology of the adult wing margin were indistinguishable from wild-type (Figure 2 , D-G). These findings indicated that under these conditions, Axin was expressed at levels that were subject to physiological regulation.
Having established conditions at which Axin was expressed within physiological range, we sought to determine the effects of Tnks inactivation on Axin activity. We found that expression of Axin-V5 in Tnks null mutants under the same conditions resulted in loss of senseless at the dorso-ventral boundary of the larval wing imaginal discs, loss of sensory bristles at the adult wing margin, notched wings, and ectopic bristles in the wing blade (Figure 2 , H-K); each of these defects is indicative of inhibition of Wingless signaling.
Similar results were observed with the C765-Gal4 driver (see below, Figure 5 , D-G), and thus we used these two drivers interchangeably in subsequent studies. These findings reveal that increases in Axin levels that are compatible with normal signaling in wild-type flies markedly inhibited signaling upon Tnks inactivation.
To identify the extent to which Axin levels were increased in Tnks mutant wing discs cells, we compared Axin-V5 levels in wild-type cells that were juxtaposed with Tnks null mutant cells. As expected, we found the levels of Axin-V5 were higher in Tnks mutant clones (Baker, 1988; Brunner et al., 1997; Kramps et al., 2002) . Thus, as observed in the wing, increases in Axin transcription that are compatible with normal development in the wild-type abdomen inhibit Wingless-dependent developmental processes following Tnks inactivation. These findings provided evidence that Tnks-dependent Axin proteolysis serves to buffer Axin activity in multiple in vivo contexts.
APC-dependent Axin proteolysis controls basal Axin levels in vivo
As we had found that Axin levels increased by only two-to three-fold following Tnks loss, we hypothesized that other degradation pathways also function to maintain Axin below the in vivo threshold compatible with Wingless signaling. Therefore, we further investigated our previous discovery that the two fly homologs of the APC tumor suppressor facilitate the control of basal Axin levels (Takacs et al., 2008) . Consistent with our previous results, we found that in larval wing discs expressing Axin-V5, the levels of Axin-V5 were higher in Apc1, Apc2 mutant clones as compared with surrounding tissues (Figure 3 , A-C).
Importantly, the increased Axin staining intensity in Apc mutant clones was detected throughout the cell, revealing that the increased staining was not secondary to a change in the subcellular localization of Axin. These findings suggested that APC destabilizes Axin.
To further test this conclusion, we utilized our new Axin antibodies, which allowed analysis of the effect of Apc inactivation on endogenous Axin levels with immunoblots, and thus provided an independent test of the regulation of Axin by Apc. Axin immunoblots revealed that by comparison with lysates from wild-type larvae, Axin levels were increased in lysates from Apc2 mutant larvae to an extent similar to that in Tnks null mutants (Figure 3 , D). We also sought to determine the effect of simultaneous elimination of Apc1 and Apc2 on Axin levels; however, since loss of Apc1 and Apc2 results in lethality during larval development (Ahmed et al., 2002; Akong et al., 2002) , we examined Axin levels in lysates from Apc2 Apc1 double null mutant embryos. By comparison with wild-type embryos, Axin levels were increased in Apc2 Apc1 double mutants (Figure 3 , E), consistent with previous findings of increased Axin levels in Apc2 Apc1 double mutant clones in imaginal discs revealed by immunostaining (Takacs et al., 2008) . Of note, one-half of these mutant embryos have wildtype Apc supplied paternally; therefore, the level to which Axin is increased following Apc inactivation is likely higher. Nonetheless, the increased Axin levels in Apc2 Apc1 double mutant and Tnks mutant embryos were present by 2 hours of development, which is prior to the onset of Wingless expression. Together, these findings indicate that like Tnks, Apc also negatively regulates the basal levels of Axin, independently of Wingless exposure.
APC has an evolutionarily conserved role in regulating Axin stability
To determine whether the regulation of Axin by APC is an evolutionarily conserved process, we reconstituted cytoplasmic degradation of β-catenin and Axin in a cell-free system using Xenopus egg extracts as previously described (Lee et al., 2003; Salic et al., 2000) . To determine if APC regulates Axin turnover in vertebrates, Xenopus egg extracts were immunodepleted of APC. APC-immunodepleted extracts resulted in a slower rate of Axin degradation compared to mock-depleted extracts (Figure 4 , A-B). As expected, the rate of β-catenin degradation was also reduced in extracts depleted of APC (Lee et al., 2003) (Figure 4, B) . Addition of immunoprecipitated APC complexes to APC-depleted extracts, however, stimulated the rate of Axin turnover in a dose-dependent manner ( Figure   4 , C). Adding back APC to levels approaching that of the endogenous protein (100nM) (Salic et al., 2000) maximally stimulated Axin degradation.
To examine the in vivo role of APC in Axin degradation in vertebrates, we first tested the effects of perturbing the interaction between Axin and APC (Figure 4, D) . mRNA encoding Myc-tagged Axin (MT-Axin) was injected either alone or together with mRNA encoding AxinRGS (a protein encoding only the APC binding domain of Axin) into two-cell stage Xenopus embryos, and Axin levels were determined by immunoblotting with Myc antibody.
Embryos that were co-injected with AxinRGS mRNA displayed increased levels of MT-Axin relative to control, suggesting that inhibition of its interaction with APC increases the stability of MT-Axin in vivo. We next tested whether negative regulation of endogenous APC by morpholino oligonucleotide (MO) injection would similarly increase steady-state levels of Axin. Embryos were co-injected with MT-Axin mRNA and either an APC MO or a control MO. As shown in Figure 4 , D, injection of the APC MO decreased levels of APC but elevated levels of MT-Axin relative to the control MO. We conclude that in both flies and vertebrates, APC stimulates Axin destabilization, and that as found for Tnks, APC has an evolutionarily conserved role in regulating the basal concentration of Axin.
The Tankyrase and APC binding domains in Axin are important for control of basal
Axin levels
To analyze the mechanisms by which Tnks and APC regulate Axin levels, we investigated the roles of the conserved Tnks binding domain (TBD; (Huang et al., 2009) ) and APC binding domain (RGS; (Fagotto et al., 1999) ) of Axin. We generated Axin transgenes with deletions in these domains (AxinΔTBD-V5 and AxinΔRGS-V5 respectively) ( Figure 5, A) , and examined the effects of these deletions on Axin levels in the Wingless-responsive embryonic cell line S2R+. Probing of cell lysates with V5 antibody revealed that steady state levels of both AxinΔTBD-V5 and AxinΔRGS-V5 were increased by comparison to Axin-V5 ( Figure 5, B) . To test this conclusion in vivo, we generated transgenic flies expressing AxinΔTBD-V5 or AxinΔRGS-V5. To allow for their direct comparison in the absence of transcriptional position effects, the UAS-AxinΔTBD-V5 or UAS-AxinΔRGS-V5 transgenes were inserted at the same site in the genome as UAS-Axin-V5 using sitespecific integration (Markstein et al., 2008) . Each transgene was expressed in third instar wing disc using the C765-Gal4 driver. We probed larval lysates with V5 antibody and found that the levels of both AxinΔTBD-V5 and AxinΔRGS-V5 were higher than Axin-V5 ( Figure   5 , C). Together, these results indicate that the Tnks and APC binding domains of Axin are important for the negative regulation of Axin levels.
Based on these findings, we sought to determine whether the Tnks and APC binding domains of Axin promote Wingless signaling in vivo. As noted above, Wingless signaling is critical for the growth and patterning of larval wing imaginal discs (Couso et al., 1994) .
Expression of Axin-V5 using the C765-Gal4 driver resulted in no developmental defects;
Wingless-dependent cell fate specification was the same as in wild-type, as revealed by expression of the Wingless target gene senseless (Nolo et al., 2000) , and by the wild-type morphology and size of the adult wing ( 
DISCUSSION
Our results demonstrate that regulation of the basal levels of Axin is a dynamic process that requires the activity of the ADP-ribose polymerase Tnks and the tumor suppressor APC. By increasing the gene dosage of Axin, we found that endogenous Axin levels can increase by three-to four-fold without reaching the minimal threshold at which Wingless signaling is disrupted in nearly all developing tissues, consistent with previous work (Peterson-Nedry et al., 2008) . These findings support the hypothesis that Axin levels regulate destruction complex activity, but also reveal that there exists a physiological range of at least three-to four-fold within which Axin levels may fluctuate and yet remain compatible with the activation of the pathway following Wnt stimulation in all cells. This narrow range perhaps serves two essential functions of Axin: (1) degradation of β-catenin to maintain its low levels in the absence of Wnt ligands, and (2) robust responsiveness to Wnt stimulation.
These results also provide evidence that Tnks promotes Wingless signaling by maintaining Axin below this in vivo threshold. Axin levels increase in the absence of Tnks, but remain below this threshold in nearly all developmental contexts. However, a relatively small increase in Axin expression, which in itself has no effect on Wingless-dependent developmental process in wild-type flies, is sufficient to result in classic Wingless loss-offunction phenotypes in Tnks mutants. These findings suggest that Tnks-dependent regulation buffers Axin activity and thus is likely important in specific in vivo contexts for promoting Wingless signaling.
Our previous work revealed that whereas complete loss of Apc results in the constitutive activation of Wingless signaling, partial reduction in Apc levels resulted in Wingless loss-of-function phenotypes in multiple in vivo contexts, indicating that Apc has dual negative and positive roles in Wingless signaling (Takacs et al., 2008) . Our new ability to detect endogenous Axin by immunoblotting provided an independent approach to test the hypothesis that negative regulation of Axin levels contributes to the positive role of Apc in Wingless signaling (Takacs et al., 2008) . Supporting this hypothesis, Axin levels were aberrantly increased in lysates from Apc mutant embryos and larvae. In addition, our studies in frog egg extracts and frog embryos suggest that the function of APC in promoting Axin degradation is evolutionarily conserved. Importantly, the role of APC in Axin degradation, like that of Tnks, is independent of Wingless stimulation. These results suggest that several pathways likely contribute to maintaining basal Axin levels below a critical concentration, above which Wingless signaling is inhibited.
Our findings reveal that Tnks-and Apc-dependent proteolysis of Axin are achieved through partly separable mechanisms. Tnks-mediated Axin destabilization requires the Tnks binding domain of Axin, and thus their physical interaction. Apc-mediated Axin regulation is dispensable for the Tnks-dependent proteolysis of Axin (Figure 6 ). Conversely, Apcmediated Axin regulation requires both the Tnks and APC binding domains in Axin ( Figure   6 ). Our analysis reveals that the interaction between Axin and Apc is important, but not sufficient, for APC-mediated Axin degradation (Figure 6 ). Together, these results suggest that the APC-mediated regulation of Axin involves several distinct domains in Axin and/or a specific Axin conformation.
Given the essential role of Wnt signaling in many fundamental processes, and the requirement that Axin concentrations are maintained below a threshold level for the activation of signaling (Lee et al., 2003; Salic et al., 2000) , it is not surprising that several degradation pathways have evolved to ensure precise control of Axin levels (Cselenyi et al., 2008; Huang et al., 2009; Luo et al., 2007; Takacs et al., 2008) . Redundancy in Axin degradation pathways would provide a compensatory fail-safe mechanism to prevent an increase in Axin above its threshold, and the resultant inhibition of signaling. Functional redundancy in Axin degradation pathways may also explain why no defects in Wntdependent embryonic development were observed upon disruption of fish or fly Tnks (Feng et al., 2014; Huang et al., 2009; Wang et al., 2016) . Nonetheless, the high degree of sequence conservation present in Tnks homologs suggests that Tnks loss cannot be fully compensated by other pathways in all in vivo contexts. Indeed, small molecule inhibitor studies have indicated that Tnks is important for the Wnt-dependent regeneration of fins following injury in adult fish (Chen et al., 2009; Huang et al., 2009) . Moreover, our recent work has revealed that regulation of Axin by Drosophila Tnks is required for Wingless target gene activation and the Wingless-dependent control of intestinal stem cell proliferation in the adult midgut Wang et al., 2016) . Importantly, in the midgut, Tnks is essential for target gene activation in regions where the Wingless pathway is activated at relatively low levels, but dispensable at high levels , suggesting an critical role for Tnks in the amplification of signaling. Furthermore, we have found that Tnks not only targets Axin for proteolysis, but also promotes the central role of Axin in rapid Wnt pathway activation .
If the basal concentration of human Axin, like that of fly Axin, is determined by several degradation pathways, then small molecule Tnks inhibitors will likely have the greatest therapeutic efficacy in contexts for which Tnks-mediated Axin proteolysis has a predominant role in controlling Axin levels. For example, as APC activity is disrupted in the majority of colorectal carcinomas, APC-dependent Axin degradation is likely compromised in these cells; thus colon carcinoma cells might be particularly sensitive to treatment with Tnks inhibitors, whereas the untransformed neighboring cells that contain wild-type APC levels would be less susceptible. Indeed, in mice for which APC activity has been disrupted by conditional targeting, daily treatment with a small molecule Tnks inhibitor for three weeks markedly reduced the proliferation of colonic adenoma cells, but resulted in little change in the proliferation rate or morphology of cells in the juxtaposed healthy intestinal mucosa (Waaler et al., 2012) . These studies indicate that small molecule inhibitors of Axin degradation are promising agents for the targeted therapy of Wnt pathway-dependent diseases, and coupled with the work presented here, suggest that the conceptual framework needed to identify new therapeutic agents in this category relies on our ability to elucidate the distinct pathways that control endogenous Axin concentrations in vivo.
MATERIALS AND METHODS
Fly stocks and transgenes
The BAC Axin-V5 was constructed using an Axin BAC clone (CH321-39B08) containing 110 kb surrounding the Axin locus (Gerlach et al., 2014) . A V5 tag was inserted at the carboxy-terminus of the Axin coding region using recombineering as described previously (Venken et al., 2009) , and verified by sequencing. The modified BAC was introduced using with KpnI and XbaI, and then inserted into the pUASTattB vector at the KpnI and XbaI sites. Transgenic flies were generated using site-specific integration at the attP33 site using φC31-based integration (Bischof et al., 2007) .
A complete deletion of the Axin gene, Axin 18 , was isolated by FLP-mediated transrecombination between FRT sites (Parks et al., 2004) , Tnks 503 , C765-Gal4
(Bloomington Drosophila Stock Center (BDSC)) (Brand and Perrimon, 1993) , 71B-Gal4
(BDSC) (Brand and Perrimon, 1993) , Axin s044230 (Hamada et al., 1999) , Apc2 33 (Takacs et al., 2008) , Apc2 19.3 (Takacs et al., 2008) , Apc1 Q8 (Ahmed et al., 1998) , hsFLP1 (Golic and Lindquist, 1989) , FRT82B arm-lacZ (Vincent et al., 1994 ) (provided by J. Treisman, Skirball
Institute, New York), hsFLP1 (Golic and Lindquist, 1989) , vestigial-Gal4 UAS-FLP (Chen and Struhl, 1999) , FRT82B ovo D1 (Chou and Perrimon, 1992) .UAS attB Axin-V5 . Canton S flies were used as wild-type controls. All crosses were performed at 25°C unless otherwise indicated.
Generation of somatic mitotic clones
Somatic mitotic mutant clones were generated by FLP-mediated recombination (Xu and Rubin, 1993 ) using hsFLP1 or vestigial-Gal4 UAS-FLP. When using hsFLP1, clones were induced by subjecting first and second instar larvae to a 37°C heat shock for 2 hours, and were detected by the loss of expression of an arm-lacZ transgene in third instar larval wing imaginal discs.
Genotypes for generating mitotic clones were as follows: 
Generation of germline clones
Apc1 Apc2 double null mutant germline clones were generated using the FLP-DFS technique (Chou and Perrimon, 1992 immunoblots were made from their embryos at 0-2 hours of development.
Antibodies
The primary antibodies used were guinea pig anti-Axin (1:1000) 
Immunostaining, immunoblotting and quantification
For immunostaining, third instar larval wing imaginal discs were dissected in PBS, fixed in 4% paraformaldehyde in PBS for 20 minutes, and washed with PBS with 0.1% Triton X-100, followed by incubation in PBS with 0.5% Triton X-100 and 10% BSA for 1 hour at room temperature. Incubation with primary antibodies was performed at 4°C overnight in PBS with 0.5% Triton X-100. Incubation with secondary antibodies was for 2 hours at room temperature. Fluorescent images were obtained on a Nikon A1RSi confocal microscope and processed using Adobe Photoshop software. Quantification of immnuostaining was performed with NIS Elements (Nikon). The same region of interest (ROI, with area of 5- supplemented with 10% FBS (Gibco) and 0.1 mg/mL penicillin/streptomycin (Invitrogen).
Cells were transiently transfected using calcium-phosphate DNA precipitation (Graham and van der Eb, 1973) .
Plasmids
Plasmids used for transfection of Drosophila cells were pAc5. 
dsRNA generation and RNAi-mediated knockdown
Generation of double-stranded RNAs (dsRNAs) and dsRNA-mediated knockdown were performed as described previously (Rogers and Rogers, 2008) . Briefly, DNA templates of 200-900 nucleotides in length targeting Axin or the white negative control (Zhang et al., 2011) were generated by PCR from genomic DNA extracted from S2R+ cells. PCR templates contained T7 promoter sequences on both ends. The DNA templates were amplified using the following primer pairs:
white: forward 5'-T7-ACCTGTGGACGCCAAGG-3' and reverse 5'-T7-
AAAAGAAGTCGACGGCTTC-3'
Axin: forward 5'-T7-CACAAAATAAAGAAGCAGCAGACGG-3' and reverse 5'-T7-ATTTGATTGTAGCTTTAACGGCTGG-3' dsRNAs were transcribed from PCR generated templates using the T7 Megascript kit (Ambion) according to manufacturer's instructions. For RNAi-mediated knockdown, S2R+ cells were plated in 10 cm 2 plates with 2.5 mL of serum-free, antibiotic-free Schneider's medium with L-glutamine. 25 µg of each dsRNA was added to the medium and cells were incubated with gentle rotation at room temperature for 1 hour. Following incubation, 2.5 mL of complete medium were added and cells were incubated at 25°C. After 24 hours, the medium was removed from the cells. This procedure was repeated once every 24 hours for a total of 96 hours.
Xenopus assays
Preparation of Xenopus egg extract and degradation assays, as well as immunodepletion and reconstitution of APC in Xenopus egg extracts were performed as previously described (Salic et al., 2000) . For Axin degradation, egg extracts were supplemented with lithium chloride (25 mM) to enhance turnover. APC antibodies were raised against recombinant MBP-APCm3 (amino acids 1342-2075 of Xenopus APC) expressed and purified using the baculovirus/Sf9 system, and the amount of APC added back to Xenopus egg extracts was quantified by immunoblotting and compared to a standard curve of MBP-APCm3. MT-Axin and MT-AxinΔRGS were a gift from Dr. Frank Costantini (Columbia University, New York).
AxinRGS encoding amino acids 1-216 of mouse Axin was cloned into the CS2+ plasmid.
Labeled [ 35 S] Axin and β-catenin for degradation assays was synthesized in vitro using the TNT system (Promega). Capped mRNAs for Xenopus embryo injections were synthesized from linearized plasmid DNA templates using mMessage mMachine (Ambion).
ACKNOWLEGDEMENTS
We thank the investigators listed in Methods for generously sharing reagents and V. Marlar for technical assistance. We thank Claudio Pikielny, Ai Tian and Hassina Benchabane for critical reading and thoughtful comments on this manuscript. This work was funded by grants from the NIH (RO1CA105038 to YA, R01GM081635 and R01GM103926 to EL, P40OD018537 to the BDSC), the Emerald Foundation (to YA), the Norris Cotton Cancer Center (to YA) and the National Science Foundation (DBI-1039423 for purchase of a Nikon A1RSi confocal microscope). into Apc-depleted egg extracts. Radiolabeled Axin was added, samples were removed after 3 hrs for SDS-PAGE/autoradiography, and the amount of Axin remaining was quantified.
The rate of Axin degradation is regulated by APC in a dose-dependent manner.
Concentrations of APC in non-depleted extracts (~ 100 nM) and amount of APC added back was calculated as described in (Lee et al., 2003) . ( 
